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DIRECTIONAL WIDEBAND PRINTED MONOPOLE ANTENNA FOR USE 
IN MICROWAVE BREAST CANCER IMAGING 
SUMMARY 
In power system distribution and transmission, having stable and protected voltage 
leads to measure, analysis and improvement of bus voltage. So two main topics 
named as power system protection and quality is considered important in electrical 
engineering. Today, the major problems in electrical industry are voltage interruption 
and instability like sagging and swelling which may result in equipment malfunction 
and damage. It has been observed that DVR is used to improve power quality and 
solution for the protection of sensitive loads against voltage disturbances recently. 
Against the damage resulted by disturbances and faults we could also apply under-
over voltage relay to protect voltage variation as an alternative solution. It means 
that, phase faults and interruptions must be isolated from power system.  
Since the inversed time relays are multifunctioning when are applied to control the 
delay time of tripping, we used them to protect sensitive stable loads in our work. 
The analyzed data out of this work shows that DVR can solve sag and swell voltage 
and compensate the variation of voltage in less than one minute which is desired. 
Inverse time relay with curve characteristic is introduced in the next step and 
performance of this kind of relay against some voltage variations is simulated. The 
conclusion of simulation results illustrates this fact that application of relay in 
voltage disturbances guarantees sensitive load protection. The usage limitation of 
DVR makes us to use relay as a main solution. 
 In order to make sure about having a stable and high-quality of voltage for sensitive 
loads without any variation and risk in voltage supplement, combined usage of DVR 
and relay was studied. It was seen that relay would avoid the faults that DVR is 
unable to compensate completely such as interruptions and under-over voltage with 
more than one minute duration. Therefore, the protection of the system may be 
increased, which is proved by simulation results.  
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GÜÇ SİSTEMLERİNDEKİ GERİLİM ARIZALARI İÇİN, DÜŞÜK-AŞIRI 
GERİLİM RÖLE VE DVR’IN BİRLEŞİK KULLANIMI 
ÖZET 
Bu tez çalışmasında ele aldığım konu, güç dağıtım sistemlerindeki gerilimin 
korunması geliştirildi ve dolayısıyla hassas yüklerin korunması daha da güvenli 
yapıldı. Güç sistemindeki arızalar önem teşkil etmektedirler bu yüzden bu hatalar 
hassas yükler mesela bilgisayar ve mikroprosesler her gün kullanım dünyada 
artmaktadır bunlarda hassas yüklere zarar vermektedir dolayısı ile arızaların çözüm 
bulması önem arz etmektedir. Gerilim arızaları sistemdeki en önemli arızalardandır 
bunların çözüme kavuşması önem taşımaktadır. Güç dağıtım sistemlerindeki kararlı 
ve korunmuş gerilim bara geriliminin ölçümünü, analizini ve geliştirilmesini sağlar. 
Bundan dolayı güç sistemlerinin korunması ve kalitesi iki önemli ana madde olarak 
elektrik mühendisliğinde göz önünde tutulur. Günümüzde gerilimin kesilmesi, geçici 
arızalar sag ve swell gerilimleri gibi ve devamlı olan arızalar olarak bilinen düşük ve 
aşırı gerilimler elektrik sanayisinde ciddi problemlere yol açmaktadır. Cihazların 
çalışmasına engel olma ve bozulmalarına sebep olduklarından dolayı bu problemlerin 
güç sisteminden kaldırılması gerekir. Güç sistemlerinin gerilim kalitesini arttırmak 
için ve hassas yükleri korumak için FACTS cihazlarından biri olan DVR (dinamik 
gerilim düzenleyen) kullanıldı. Dolayısıyla kısa süreli gerilim düzensizlikleri böylece 
ortadan kaldırılır. Uzun süreli gerilim düzensizliklerinde ve bazı arızalarda DVR 
arızaları tamamen çözemez ve yüklerin korunması düşük-aşırı röley yardımıyla 
yapıldı. Bu iki cihazın (DVR ve düşük-aşırı röle) birleştirilip kullanılması güç 
sistemlerinin kararlılıklarının arttırılmasını, faz hataları ve kısa-uzun süreli gerilim 
arızalarının düzeltilmesini sağlayarak hassas yükleri korur. 
Ayrıca ters zamanlı röle olduğundan  güç dağıtım sistemleri için daha kontrollü ve 
güvenli bir  fırsat sağlıyor ve gecikme süreleri  bize  daha fazla  gerilim kontrollü 
imkanını öne sürüyor. dolayısı ile röle orta gerilimlerinde kullanıldığında güç 
dağıtım sistemlerinde uygun bekleme süresini  kesinti yaşanıp yaşanmayacağını 
hassas yüklerdeki hasarları engellemeyi sağlıyor. 
xxii 
 
Bu çalışmamda elde ettiğim simülasyon değerlerimden çıkan sonuçlara göre 
gösteriyor ki DVR bizim için tam bir şekilde yapa çözüme ulaştırıyor geçici 
arızalarda az cümle sag ve swell gerilimleri çözüm sağlıyor o yüzden sistem 
korumasını artıyor. Daha ayrıntılı açıklamak gerekirse DVR gerilim düştüğü zaman 
sisteme güç besliyor ve gerilim belli düzeyin üzerine çıktında yani artığında gücü 
emmeye ve kapasite sisteminde depolamaya başlıyor ve bu çalışmayla gerilim 
değişikliklerini düzenlemeye çalışıyor. Eğer hata süresi bir dakikadan fazla olursa ve 
gerilim değişiklileri DVR `a tarif edilen gerilim haddinden çok olursa o zaman 
hatalar tam düzeltmiş olmuyor DVR tarafından sistemi korumak için röleler güç 
hatlarında olması gerekmektedir. Kullandığımız ters zamanlı rölede eğri kapsamında 
üzerinden hattı açıyor. Gerilimin aşırı ve düşük miktarı üzerinde bekleme süresi röle 
de değişiyor ve bu rölenin işlevi çalıştığımız sistem üzerinde bazı arızalara karşı 
simülasyon yapıldı ve sonuçları elde edildi. Bunun sonucunda geçici arızalar bazen 
rölede görülmeye bilir fakat uzun süreli arızalarda tamamen sistemden ayıklanıyor, 
bu yüzden DVR`in kullanılması bu durumlarda önem taşımaktadır. Bu iki cihazları 
birlikte (DVR ve Röle) kullanıldığında kısa süreli gerilim arızalar tamamen çözüme 
ulaşıyor ve uzun sürelerde DVR arızanın tamamını çözüme ulaştırmıyor ve ariza 
devam ediyor bu önlemek için iki cihaz birlikte kullanıldığında hem kısa süreli 
gerilim arızaları hemde uzun süreli gerilim arızaları  tam sonuç vermektedir. Bu 
sistemin performansı kısa süreli arızalar örnek vermek gerek olursa sag, swell 
gerilimler ve faz arızalarında ayrıca uzun süreli gerilim arızalarında numune olarak 
kesinti arızaları, yüksek ve düşük gerilim arızalar  simülasyon elde edilmiştir ve elde 
ettiğimiz sonuçlarımıza daha sonuç doğrulunu göstermektedir. Kullandığımız yük 
sabit yüktür ve sistemimizde onu korumaya çalışıyoruz dolayısı ile bu cihazları 
birlikte kullandığımızda sistemin koruması ve kararlığı artarak böyle hassas yükleri 
gerçek dağıtım sistemlerde`de korumuş olabiliriz. 
Elde edilen neticelere dayanarak güç sisteminde yüksek kalite ve güvenli dağıtım güç 
sistemine sahip olmak için arızalar tamamen çözüme ulaşması gerekmektedir ki bu 
isi kısa süre arızalarda DVR sağlamış olmaktadır. Hassas yükleri korumak için DVR 
yeterli görülmemektedir çünkü uzun süre arızaları tamamen çözüme ulaşmıyor bu 
yüzden röle`nin kullanılması gerekmektedir kullandığımız rölerde ters zamanlı iyi bir 
seçenek olabiliyor ve bunların birleşik veya birlikte kullanılması daha güvenli 
dağıtım sistemi hazırlamış oluyor. 
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Uzun süreli gerilim düzensizliklerinde ve bazı arızalarda DVR arızaları tamamen 
çözemez ve yüklerin korunması düşük-aşırı röley yardımıyla yapıldı. Bu iki cihazın 
(DVR ve düşük-aşırı röle) birleştirilip kullanılması güç sistemlerinin kararlılıklarının 
arttırılmasını, faz hataları ve kısa-uzun süreli gerilim arızalarının düzeltilmesini 
sağlayarak hassas yükleri korur. 
Bu iki cihazları birlikte (DVR ve Röle) kullanıldığında kısa süreli gerilim arızalar 
tamamen çözüme ulaşıyor ve uzun sürelerde DVR arızanın tamamını çözüme 
ulaştırmıyor ve ariza devam ediyor bu önlemek için iki cihaz birlikte kullanıldığında 
hem kısa süreli gerilim arızaları hemde uzun süreli gerilim arızaları  tam sonuç 
vermektedir. . Bu sistemin performansı kısa süreli arızalar örnek vermek gerek olursa 
sag, swell gerilimler ve faz arızalarında ayrıca uzun süreli gerilim arızalarında 
numune olarak kesinti arızaları, yüksek ve düşük gerilim arızalar  simülasyon elde 
edilmiştir ve elde ettiğimiz sonuçlarımıza daha sonuç doğrulunu göstermektedir. 
Tez de gerçekleştirdiğim çalışmanın akabinde Gelecekte tamamlamayı düşündüğüm 
Sabit yük yerine dinamik değişken yüklerin  incelemesini planlıyorum mesela 
asenkron motorların koruması ve gerilim değişimlerin güç sistemlerini 
çözümlemeyle düşünüyorum ve yaptığımız simülasyonları yapmayı planladığım 
çalışmamda'da uygulamayı planlıyorum ayni zamanda iki veya üç DVR`i birleşikken 
(IDVR) paralel dağıtım sistemlerinde kullanma yönüne hedefliyorum dolayı-sile 
sistemin güvenli ve kararlılığını arttırmaya çalışıyorum.  
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1. INTRODUCTION 
Nowadays, power system protection and quality are the most important issues that 
take place in Electrical Engineering. The process of making such a safe production, 
transmission and consumption of electrical energy under effects of failure and events 
that take place in the power system protection and quality is a matter of paramount 
importance. Gerry Heydt in ―Electric Power Quality‖ defines power quality as 
―measure, analysis, and improvement of bus voltage, usually a load bus voltage, to 
maintain that voltage to be a sinusoid at rated voltage and frequency‖. In many cases 
where offices and factories have become dependent on the smooth operation of 
computers, microprocessors and other sensitive loads, a single outage can be very 
costly. For example a research in 1993 estimated that an interruption of power 
system of less than a tenth of a second can cost as much as $200,000, while for 
computer center that experienced a 2- second interruption can cost  $600,000 and a 
loss of 2 hours of data processing. The transmission and distribution systems that 
deliver electricity to the costumers are similar to the delivering blood to the vital 
organs of the human body. Blood pressure is like voltage that flow to the costumers. 
How the flow and quality of blood for vital organs are important, the power quality 
and removal of the variations in voltage are important. In these work aspects of 
power quality related to disturbance of voltage level is considered. This includes 
short-term interruptions and long-term deviation from the declared voltage level. 
Some variations like dip and swell voltage may be compensated by Dynamic Voltage 
Restores (DVR) and also a relay is used to prevent damage to loads from this voltage 
unbalances in other types [1]. 
A protective relay is a device which gives instruction to disconnect a faulty part of 
the system. This action ensures that the remaining system is still fed with power, and 
protects the system from further damage due to the fault. Hence, use of protective 
apparatus is very necessary in the electrical systems, which are expected to generate, 
transmit and distribute power with least interruptions and restoration time. It can be 
well recognized that the utility of protective equipment is very vital to minimize the 
effects of faults, which otherwise can cease the function of whole system [2].  
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1.1 Statement of the Problem 
In order to increase the reliability of power distribution system, many methods of 
solving power quality problems have been suggested. Today, the major problems in 
electrical industry are voltage interruption and instability like sagging and swelling 
which may result in equipment malfunction. Besides, shutdown harmonics also lead 
the electrical equipment to fail and damage.  Dynamic Voltage Restorer (DVR) is 
one of the custom power devices that are used as an effective solution for the 
protection of sensitive loads against voltage disturbances in power distribution 
system [3]. 
There are some other kinds of disturbances such as undervoltage or overvoltage 
variations in voltage which DVR cannot support and compensate. Thus, these 
disturbances and faults may damage loads. To protect voltage variation like long 
term disturbances, an under-over voltage relay may be useful. Also interruption of 
our system will be costly and are not necessary in terms of less-effective 
disturbances. Therefore, inverse time relay may be useful to allot dynamic time to 
take measures against faults. However, phase faults and interruptions must be 
isolated from power system, as soon as possible.  
1.2 Literature Review  
There are many different methods to mitigate voltage sags and swells. DVR, one of 
the many types of Costume Power Supply devices, which is already the best choice 
for the mentioned mitigation is introduced. The structure and the application of DVR 
are surveyed in recent years. For sensitive loads, even a voltage sag of short  duration 
can cause serious problems in the manufacturing process. DVR is used to increase 
power quality of power system and load protection. Also, many researches have been 
done to simulate and analyze DVR applications to compensate voltage sags and 
swells in sensitive load protection [3, 4, 5]. 
Nowadays, over-under voltage protection relays are suitable for protection and 
control applications in power system transmission and distribution. The 
developments in digital technology led to the incorporation of microprocessors in the 
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construction of relays. Digital and numerical relays are multiple purpose equipment 
with the capacity to record signals during faults, monitor them and communicate 
with other relays [6, 7] 
1.3 Objectives 
In the case of protection, the important thing is to have reliable and stable power 
flow and voltage in the load side. Therefore, to have quality in power system and 
voltage without variation like dips and swells voltage, even interruptions, DVR is 
used. The aim in this work is to simulate DVR behavior against disturbances to 
increase power system quality. The other important issue in protection of sensitive 
loads is protective relaying. Chapter 4 contains simulation results of an inverse time 
under over voltage against dips; swells and other voltage unbalances like phase 
faults. Besides, the analyzing of some disturbances that DVR cannot compensate due 
to duration or amplitude is described in chapter 5. In the case of these faults, under 
over voltage relay is used to protect loads from damage. The purpose of this research 
is to simulate relay with DVR application to assure the increment of power quality 
and protection.  
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2. POWER SYSTEM DISTURBANCES  
2.1 Introduction  
Network disturbances and power quality are issues of increasing importance, as the 
share of sensitive electronic circuits is increasing steadily in modern power systems. 
Network disturbances can be classified into transient events such as voltage sags, 
swells. Other events of longer duration are for example main failures, harmonic 
voltage distortion, and overvoltage and under voltages. As the cause of network 
disturbances are based on the fundamental laws of electricity and physics, they  have 
to be considered to be normal phenomena in any electrical network. The most 
common causes of long duration and transient voltage disturbances are: 
 Lightning  
 Short-circuits  
 Inrush currents during the energizing of large power transformers, switching 
of large loads 
 Switching ON of large capacitor banks or Static Var compensators 
 Mains faults 
 Emergency stop operation 
 Human errors 
In this chapter some short and long term disturbances are described and further, 
methods to reduce impact of such disturbances are presented in other chapters [2]. 
2.2 Dip (Sag) Voltage 
A voltage sag condition implies that the voltage on one or more phases drops below 
the specified tolerance for a short period of time. Rms voltage in dip voltage decrease 
to a value between 0.1 and 0.9 p.u. Voltage sags are mainly due to system faults and 
last for durations ranging from 0.5 cycles to 1 minute depending on the fault clearing 
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time. The magnitudes of the voltages sags caused by faults depend upon the distance 
of the fault location from the bus where the sag is measured. Starting of large 
induction motors can result in voltage sags as the motor draws a current up to 10 
times the full load current during the starting. Also, the power factor of the starting 
current is generally poor [8]. A sample dip voltage is shown in Fig 2.1.  
                         
Figure 2.1:  Voltage dip (sag) [1] 
The principal cause of all voltage dips is a short duration increase in current, mainly 
due to faults as shown in Fig 2.2 below. 
 
Figure 2.2:  Fault in parallel feeder causing voltage dip [1] 
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2.3 Swell Voltage  
A voltage swell is defined as an increase to between 1.1 and 1.8 p.u. in rms voltage at 
the power frequency for duration between 0.5 cycles to 1 minute. A voltage swell 
(like dip) is characterized by its magnitude (rms) and duration. As with sags, swells 
are associated with system faults. 
The magnitude of a voltage swell depends on the system impedance, fault location 
and grounding. The most common disturbances in the source voltages are the voltage 
sags or swells that can be due to (i) disturbances arising in the transmission system, 
(ii) adjacent feeder faults and (iii) fuse or breaker operation. Voltage swells are not as 
important as voltage sags because they are less common in distribution system [8]. 
 2.4 Single Phase to Ground Faults 
Single phase-to-ground faults are short circuits between any single conductor a three-
phase power system and ground. At the location of a phase-to-ground fault, the 
voltage on one of the phases will be depressed and the current in the phase and in the 
ground path will be higher than the current in the other phases. 
Figure 2.3 shows voltage waveforms for a phase-to-ground fault on a 230KV system. 
It is clear that single phase fault is happened between second 2 and second 6. 
 
                              Figure 2.3: Single phase-to-ground fault [9] 
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Single phase-to-ground faults should be anticipated wherever three-phase, two phase, 
or single-phase circuits are installed and if this fault was located very close to the 
voltage transformer and the fault impedance is zero, A-phase voltage would have 
been zero for the entire duration of fault.  
2.4 Double Phase to Ground Faults 
Double phase-to-ground faults are short circuits between any pair of the three 
conductors of a three-phase power system and ground. At the location of a phase –to-
phase-to-ground fault, the voltage on two of the three phases will be depressed and 
the current in the faulted phases and the ground path will be higher than the current 
in the third phase. 
2.4 Three-Phase Faults 
Three phase fault are short circuits between the three conductors of a three-phase 
power system. When the three-phase fault occur the voltage of each phase will be 
depressed and the current will be greater than load current. Figure 2.4 shows A, B, 
and C-phase voltage waveforms for a three-phase fault on a 230 KV system. 
 
Figure 2.4: Three-phase faults [9] 
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If this fault was close to the lead of the voltage transformer, the three-phase voltage 
would have been zero for the entire duration of the fault and the voltage and current 
would be zero after circuit breakers open to isolate the fault [9]. 
2.5 Interruption   
Interruption is an event of supply voltage to less than 0.1 pu. There are many reasons 
for power interruption. Some of general causes of interruption are equipment 
failures, breaker operation and etc. Depending on the duration of reduction of voltage 
interruption is classified in to two groups: 
1. A short interruption is up to 3 min 
2. A long term interruption is longer than 3 min like sustained interruption 
2.6 Undervoltage   
The undervoltage is reduction of rms voltage to 0.8-0.9 pu for more than 1 minute. 
Normal duration of undervoltage is greater than dip. Main causes of undervoltage are 
overload, less supply capability, fault, etc. Undervoltage may cause voltage 
instability, high reactive power demand, etc. [1]. 
2.7 Overvoltage  
The overvoltage is increase of rms voltage to 1.1-1.2 pu for more than 1 min. Normal 
duration of overvoltage is greater than swell. There are many reasons for occurring 
overvoltage in power system as follows: 
1. Over voltages by an insulation fault 
2. Tap changer transformer fault or overcompensation fault 
3. Lightening over voltages 
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3. DYNAMIC VOLTAGE RESTORER  
3.1 Introduction  
A voltage sag condition implies that the voltage on one or more phases drops below 
the specified tolerance for a short period of time.  A voltage swell condition occurs 
when the voltage of one or more phases rises above the specified tolerance for a short 
period of time.  The causes of voltage sags and swells are associated with faults 
within the power distribution system.  The complete describtion of sags (dips) and 
swells voltage is exist in chapter 2 of this reaserch. Users located a close distance to 
the fault experience voltage sags much greater in magnitude and duration than users 
located farther away, and as the electrical system recovers after removing the fault, 
voltage swells are produced throughout the system for short periods of time.  Often 
all users who are served by the power distribution system have power interruptions 
during a fault because of the effects of a voltage sag or voltage swell produced in the 
system by the fault.  The objective of this chapter is to develop a novel voltage 
control scheme that can compensate for voltage sag and swell conditions in three-
phase power systems by using DVR.  Power systems supply power for different user 
applications, and sensitivity to voltage sags and swells varies widely for different 
applications. For sensitive loads, even voltage sag of short duration can cause serious 
problems in the manufacturing process. DVR is used to increase power quality of 
power system and load protection [10]. 
3.2 Flexible AC Transmission Systems (FACTS) Devices  
FACTS devices have abilities of controlling active powers and reactive powers of the 
distribution system, which are able to maximize the utilization of existing lines.  In 
addition, they can stabilize the voltage at point of common coupling and can reduce 
the damping of the power oscillation.  FACTS devices can be divided into three 
categories such as series controller, shunt controller, and combined controller.  
 1. Series connected controllers:  Static Synchronous Series Compensator (SSSC),  
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Thyristor-Switched Series Capacitor (TSSC), Thyristor-Switched Series Reactor 
(TSSR), etc. 
 2. Shunt connected controllers:  Static Synchronous Generator (SSG), Static Var 
Compensator (SVC), Static Synchronous Compensator (STATCOM), Thyristor-
Controlled Reactor (TCR), Thyristor-Switched Capacitor (TSC), etc.   
3. Combined controllers:  Unified Power Flow Controller (UPFC), Thyristor- 
Controlled Phase Shifting Transformer (TCPST), etc. 
Among the FACTS devices, many methods are based on inverter topologies such as 
STATCOMs.  On the other hand, TSCs or TCRs based on thyristor switches use 
passive elements such as capacitors or reactors to change the reactive impendence of 
systems for controlling active and reactive powers.  The inverter system gives more 
flexibility of controlling power and improving the power stability as well as control 
of the magnitude and phase of the voltage.  Since this research mainly focuses on the 
mitigation of voltage sags and swells, only the inverter based FACTS devices will be 
explained in the viewpoint of compensation of voltage variation events. 
Recently, a dynamic voltage restorer (DVR) was introduced for mitigating a voltage 
sag and swell [11]. 
3.3 Dynamic Voltage Restorer Configuration 
 The DVR is one of the FACTS devices that use the power electronics technology, 
especially inverter technology and is configured as a series-connected voltage 
controller. A power electronic converter based series compensator that can protect 
critical loads from all supply side disturbances other than outages is called a dynamic 
voltage restorer. The restorer is capable of generating or absorbing independently 
controllable real and reactive power at its AC output terminal. This device employs 
solid-state power-electronic switches in a pulse-width modulated (PWM) inverter 
structure. It injects a set of three-phase AC output voltages in series and synchronism 
with the distribution feeder voltages. The amplitude and phase angle of the injected 
voltages are variable thereby allowing control of the real and reactive power 
exchange between the device and the distribution system. The DC input terminal of 
the restorer is connected to an energy source or an energy storage device of 
appropriate capacity. The reactive power exchanged between the restorer and the 
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distribution system is internally generated by the restorer without AC passive 
reactive components. The real power exchanged at the restorer output AC terminals 
is provided by the restorer input dc terminal from an external energy source or 
energy storage system. To control the output voltage of the DVR, the inverter 
supplies the missing load voltage using self-commutable electronic switches such as 
a gate turn-off thyristor (GTO), an insulated gate bipolar transistor (IGBT), or an 
insulated gate commutated thyristor (IGCT). The DVR injects the missing voltage in 
a series. Therefore, it can be called a series voltage controller, but the term DVR is 
commonly used now. The configuration of DVR is shown in Fig 3.1. 
The first DVR entered commercial service on the Duke Power System in U.S.A. in 
August 1996. It has a rating of 2 MVA with 660 kJ of energy storage and is capable 
of compensating 50% voltage sag for a period of 0.5 Second (30 cycles). Typically, 
DVRs are made of modular design with a module rating of 2 MVA or 5 MVA. They 
have been installed in substations of voltage rating from 11 kV to 69 kV. 
 
Figure 3.1: Dynamic voltage restorer configuration [4] 
DVRs have a same configuration of SSSC.  The DVRs can be operated with a 
relatively small capacitor to exchange reactive power or can supply active powers to 
loads with energy storage.  The large capacitor bank, flywheel, superconducting 
magnetic device, and battery can be used for the energy storage. The DVR, located 
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between the supply and critical loads, has demonstrated excellent dynamic capability 
for mitigating voltage sags or swells.  Each phase can be controlled independently, 
and the DVR can adjust the magnitude of the load voltage and the voltage phase 
angle as well. The advantages of the DVR are its fast response and ability to 
compensate for a voltage sag and a voltage phase shift using an inverter system [12]. 
3.4 Dynamic Voltage Restorer’s Components 
3.4.1 Boost or injection transformers 
Three single phase transformers are connected in series with the distribution feeder 
to couple the VSC (at the lower voltage level) to the higher distribution voltage level. 
The three single transformers can be connected with star/open star winding or 
delta/open star winding. The choice of the injection transformer winding depends on 
the connections of the step down transformer that feeds the load. 
3.4.2 Voltage source converter (VSC) 
This could be a 3 phase - 3 wire VSC or 3 phase - 4 wire VSC. Either a conventional 
two level converter or three level converter is used. In DVR applications the VSC (or 
VSI) is used to temporarily replace the supply voltage or to generate the part of 
supply voltage which is missing [13]. 
3.4.3 Passive filters 
The main task of filter is to keep the harmonic voltage generated by the voltage 
source inverter to the permissible level. The passive filters can be placed either on 
the high voltage side or the converter side of the boost transformers. The advantages 
of the converter side filters are (a) the components are rated at lower voltage and (b) 
higher order harmonic currents (due to the VSC) do not flow through the transformer 
windings.  
3.4.4 Energy storage 
This is required to provide active power to the load during deep voltage sags. 
Lead-acid batteries, flywheel or SMES can be used for energy storage. Recently 
instead of DC source connected to the DVR, the Photovoltaic (PV) panel is used .PV 
energy is derived from a completely safe energy that is renewable and the cost is low 
compared to other energies. Use of this type of energy, including wind energy, due to 
being natural in power system, is growing day by day. Recently, several studies 
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about the connection of distributed generators the power system by the power 
electronic systems has been done[14]. Energy from PV is an example of DG.Fig 3.2 
illustrate DVR compnents and configuration of DVR as a serial compensator. 
3.4.5 Control system 
The aim of the control system is to maintain constant voltage magnitude at the point 
where a sensitive load is connected, under system disturbances. The control system 
of the general configuration typically consists of a voltage correction method which 
determines the reference voltage that should be injected by DVR and VSC control. 
The controleler input is an erroe signal obtained from the reference voltage and the 
value of the injected voltage. 
 
Figure 3.2: Dynamic voltage restorer component [5] 
3.5. Dynamic Model of DVR  
Fig 3.3 shows the single phase distribution power system through compensation by 
DVR. In the picture     is the DC source voltage and   is passive filter resistance, 
   is the induction factor of passive filter and winding induction of transformer. 
Also   ,   , are load current and voltage respectively. Source voltage and current is 
specified by    and     and    is load impedance     is the current that pass through 
the filter and transformer too. 
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Figure 3.3: Compensated single phase distribution system 
From Fig 3.3 the equations are considered as below: 
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Equations 3.1 and 3.2 are used to: 
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    After Park transformation: 
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Voltage of capacitor after PARK transformation is equal:       
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So by using 3.2 can be illustrate: 
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With similar stage it can be proven for q and o axis also 
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Capacitor voltage is expressed as follow: 
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Combination of equations (3.13) with (3.14) and by using (3.19) for whole circuit: 
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So dynamic model of compensated circuit by DVR can be described as follow: 
 ̇                   (3.21) 
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Fig 3.4 exhibits DVR steady space model block diagram in q and d axis. 
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Figure 3.4: Steady space block diagram a) d axis b) q axis 
 3.6 DVR Operation Modes 
The control and protection of a DVR designed to compensate voltage sags must 
consider the following functional requirements. 
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1. When the supply voltage is normal, the DVR operates in a standby mode with 
zero voltage injection. However if the energy storage device (say batteries) is 
to be charged, then the DVR can operate in a selfcharging control mode. 
2. When a voltage sag/swell occurs, the DVR needs to inject three single phase 
voltages in synchronism with the supply in a very short time. Each phase of 
the injected voltage can be controlled independently in magnitude and phase. 
However, zero sequence voltage can be eliminated in situations where it has 
no effect. The DVR draws active power from the energy source and supplies 
this along with the reactive power (required) to the load. 
3. If there is a fault on the downstream of the DVR, the converter is bypassed 
temporarily using thyristor switches to protect the DVR against overcurrents. 
The threshold is determined by the current ratings of the DVR [14, 15]. 
3.7 Voltage Injectıon Methods of DVR: 
Voltage injection or compensation methods by means of a DVR depend upon 
thelimiting factors such as; DVR power ratings, various conditions of load, and 
differenttypes of voltage sags. Some loads are sensitive towards phase angel jump 
and some are sensitive towards change in magnitude and others are tolerant to these. 
Therefore the control strategies depend upon the type of load characteristic [16]. 
There are four different methods of DVR voltage injection which are: 
i. Pre-sag compensation method 
ii. In-phase compensation method 
iii. In-phase advanced compensation method 
iv. Voltage tolerance method with minimum energy injection 
3.8 A Case Study on DVR  
Wind power is one of the most important kinds of renewable energy. The most 
common type of wind turbine is the variable-speed directly connected to the power 
grid. Power system Faults can originate at the disconnection of wind farms. Dynamic 
Voltage Restorer (DVR) is a custom power device used for eliminating voltage sags 
and swells which is the result of the faults. In this work we use photovoltaic (PV) as a 
DC source. Details are described in Fig 3.5. 
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Figure 3.5: Case study for DVR  
Using DVR for stabilizing the wind turbines is one of its new applications. In this 
study, instead of maintaining sensitive load, protection of the variable speed 
generator which is sensitive to voltage changes is the main task of DVR. Recently, 
research in this area has shown an improvement in the behavior of wind turbines 
against severe disturbances [17]. 
If the DVR has been used for the protection of a load, the voltage, current, and power 
should be kept in limits in the compensation period. Fig 3.6 shows the compensation 
mode as phase diagram in two cases of absorption and injection of reactive power. 
Compensation by reactive power absorption using DVR is shown in Fig 3.6-a. Fig 
3.6-b shows the compensation by injecting reactive power using DVR. 
 
 
Figure 3.6: Reactive power compensation to control the power factor (a). Reactive power 
absorption, (b). Reactive power injection 
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Similarly DVR injects into the network when the leading power factor in PCC is 
obtained and wind turbine voltage is greater than MT voltage. The ideal case occurs 
when the wind turbine voltage is equal to MT voltage [18]. 
3.9. Simulation Results 
In this simulation DVR cause voltage and current to be constant by injecting reactive 
power to the network and thus the power of wind turbine become constant too. Fig 
3.7 shows fault in the network between the times t = 0.05 and t = 0.15. It is seen that 
the network voltage drops about 50% of the network voltage. The injection voltage of 
DVR is shown in Fig 3.8. Also Fig3.9 shows the wind farm voltage after applying 
fault. 
 
Figure 3.7: Supply voltage in sag condition      
 
Figure 3.8: DVR injection voltage in sag condition 
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Figure 3.9: Wind farm voltage in sag condition after compensation 
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4.UNDER-OVER VOLTAGE RELAY 
4.1. Introduction 
Power systems need relays; fuses or other types of power system protection devices 
to detect and remove abnormal power system conditions are quickly as possible. This 
removal of abnormal conditions will isolate faulted parts of the power system so that 
the unfaulted portion can continue to serve the connected load. In this study relay 
protection by using under-over voltage relay is presented to isolate abnormal from 
studied power system. The Institute of Electrical and Electronic Engineers (IEEE) 
defines a relay as ‗‗An electric device that is designed to respond to input conditions 
in a prescribed manner and, after specified conditions are met, to cause contact 
operation or similar abrupt change in associated electric control circuits.‘‘ Relays are 
used in all aspects of activity: home, communication, transportation commerce, and 
industry. Also they are used in heating, air conditioning, stoves, dishwashers, clothes 
washers and many other applications. In this study is focused on one of the more 
interesting and vital application of relays, the protection of electric power systems 
[9]. 
The developments in digital technology led to the incorporation of microprocessors 
in the construction of relays. Digital and numerical relays are multiple purpose 
equipment with the capacity to record signals during faults, monitor them and 
communicate with other relays [19].  
4.2. Power System Protection 
The main purpose of power system is to generate, transmit, and distribute electric 
energy to customers without interruptions and in the most economical and safe 
manner. To achieve these objectives, power systems are divided in generation, 
transformation, transmission and distribution subsystems. 
Generation consists of converting energy from different forms, such as thermal, 
hydraulic to electrical energy. Transformation consists of changing the voltage levels 
to those that are convenient for transmitting or distributing electrical energy. The role 
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of transmission is to transport energy from generally far away locations, where 
electric energy is generated, to load where it is consumed. The distribution consists 
of supplying energy to customers at a suitable voltage level. 
However the objective is to protect generators, power transformers, transmission 
lines and distribution circuits. The philosophy of protection ensure that, in the event 
of a fault, the faulted element must be disconnected from the system for isolating the 
fault to prevent further damage to the components of the system through which the 
fault currents were flowing. To achieve this it is essential to interconnect major 
elements such as generators, power transformers, transmission lines, etc. by using 
circuit breakers [21]. 
Fig 4.1 shows the protection zones of simple power system. Each zone protects a 
single element of the power system. 
 
Fig4.1 Primary relay protection zones [2] 
This research is mainly study and model of under over voltage relays which are used 
for protection of distribution system and also to protect sensitive loads. 
4.3. Under- Over Voltage Protection 
 4.3.1 Under voltage protection 
Under voltages are abnormal conditions. Under voltages keep voltages below voltage 
ratings that can lead to equipment failure. Transformers and large generators are 
27 
 
designed to operate at no less than 95% of their nominal voltage rating. Motors and 
small generators are designed to operate at no less than 90% of their nominal voltage 
rating. Under voltages can be due to system overloads caused by outages or by 
equipment failures. Under voltage protection is usually installed on a substation or 
bus. When an under voltage condition occurs, preselected circuit breakers are tripped 
in response to the under voltage. 
The effect of under voltage protection: 
a) Synchronous motors, fully loaded at unity power factor may pull out of step 
below 75 percent rated voltage. 
b) Induction motors loaded fully may stall if the supply voltage falls below 70 
percent. 
c) Synchronous motors loaded at 0.8 power factor may pull out when voltage 
drops below 60 percent. 
d) Single phase supply is another particular case of under voltage on three-phase 
supply systems, which causes overload on supply systems. 
4.3.2 Over voltage protection 
Over voltages are abnormal conditions that keep system voltage in excess of 
transformer, capacitor, motor, generator, or reactor voltage ratings that can lead to 
equipment failure. Transformers and large generators are designed to operate at no 
more than 105% of their nominal voltage rating. Motors, capacitors, and small 
generators are designed to operate at no more than110% of their nominal voltage 
rafting. Over voltages can be due to equipment failures, such as failure of a load tap 
changer controller. Over voltages can also be caused by a sudden loss of customer 
load. When an over voltage condition occurs, pre-selected circuit breakers are tripped 
in response to the over voltages relay actuation [22]. 
4.4. Over Voltage Relaying 
An overvoltage relay is one that operates when input voltage exceeds a 
predetermined value. Overvoltage relays may be instantaneous or time-delayed 
devices.  Overvoltage relays are usually connected to monitor phase-to phase voltage 
and applied to increase security from false operations. In order to set a time 
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overvoltage relay, pickup voltage and time dial need to be specified and voltage 
transformer (VT) ratio needs to be documented. Overvoltage relays complete their 
function and open the CBs when the duration of overvoltage is more than time delay 
described by the time voltage curve. 
 
 
Fig4.2 Inverse time overvoltage for one pickup value and one dial time [9] 
Typical time-voltage curve for one time dial of a time voltage relay is shown in Fig 
4.2. The curve is plotted using a logarithmic scale for time and a numeric scale for 
voltage. When the inverse time overvoltage relay is used it is necessary to specify 
pickup setting, time dial, relay inversions characteristic, and VT ratio. The region of 
protection for an overvoltage relay can be from the location where the overvoltage 
relay is applied to all lower voltage components that connected to the power circuit. 
In this research load protection is simulated. The objective is to protect equipment by 
tripping connected loads when persistent overvoltage occurs. The trip set point for 
overvoltage relays should be based on the maximum acceptable load voltage. 
Between the load and the location of over voltage relay even little voltage drop is not 
allowed. Fig 4.3 illustrates the situation where the overvoltage relays would be 
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supplied via voltage transformer connected to the 13.8 KV bus. When the 
overvoltage will happen the relay would trip all 23.8KV feeder circuit breakers. 
 
Fig4.3 One phase diagram of transmission line with over voltage relay [9] 
4.5 Undervoltage Relaying 
An undervoltage relay is one that operates when input voltage drops below a 
predetermined value. Undervoltage relay can be instantaneous and invers time relay. 
In this study an inverse time relay is used. Undervoltage relays are usually connected 
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to monitor phase-to-phase voltage and applied to increase security from false 
operations. The region of protection for an undervoltage relay can be from the 
location where the undervoltage relay is applied to lower voltage components that 
are connected to the power circuit. The objective of undervoltage protection in load 
protection is to protect equipment by tripping connected loads when persistent 
undervoltage occurs. The trip set point for under voltage relays should be based on 
the minimum acceptable load voltage. Fig 4.4 illustrates the situation where the 
undervoltage relays would be connected to 13.8KV bus to detect under voltage 
disturbances and trip 13.8KV feeder circuit breakers [23]. 
 
Fig4.4 One phase diagram of transmission line with under voltage relay [9] 
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4.6 The Studied Inverse Time Under-Over Voltage Relay and Protection 
Assemblies  
Under-Over voltage protection assemblies are available in a number of variants for 
measurement of one, two or three-phase power system ac-voltages. The relays are 
suitable for protection and applications. The relay has two setting levels (steps), 
selectable for over or under voltage. Thus one step can be for over voltage and the 
other for under voltage. For both of them two set levels are used as well. One high 
set level may be instantaneous and the other lower set may be time-delayed. A 
feature of this relay is the possibility of using the inverse time voltage function in 
which a faster operating time is obtained depending on the magnitude of the voltage. 
The relay will connect through instrument transformer to the three phase lines to 
detect various voltage conditions and to indicate low voltage, out of service, or 
breaker open situations. Also no-voltage is used to trip all circuit breakers on the bus 
after a disturbance when the voltage is increased or decreased more than 90%. A 
single voltage relay may be used to prevent motor starting case of low voltage on the 
bus. The time over voltage relay is consists of input transformer, filter circuits, 
digital-analog converter, microprocessor, trip and in service indications, and three 
output relay for start and trip functions of stage U1 and U2. The example relay that 
used in this study is a tripping relay with inverse time characteristic. 
The inverse time characteristic is shown in Fig 4.5. The behavior of relay will belong 
to the input of relay.it means input voltage ( ) will compare with reference voltage 
(    that selected manualy. So Fig 4.5 show that if 
 
  
 is 1 the relay will not send 
signal 1consecuantly circuit breakers will not open. It means the injected voltage to 
relay is equal to nominal voltage. By raising the difference between voltages the time 
will decrease. In Fig 4.5 by going away from 
 
  
 =1 we can see inverse time is 
reduce. 
The relationship between time and voltage for inverse time characteristic can be 
expressed as follow: 
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Fig4.5 Inverse time characteristic [24] 
Over voltage function: 
  
 
 
    
     
 
(4.1) 
Under voltage function: 
     
  
 
  
 
  
     (4.2) 
 = Inverse time constant  
  = Over-under voltage start voltage value 
 = Operate voltage value 
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The delay time is settable between 50ms and 16.1 s. The time voltage output of relay 
operates after set time delay. For simulation of the studied relay in MATLAB delay 
times for under and over voltage applications are illustrated in table 4.1 and table 4.2 
respectively [24]. 
          Table 4.1: under voltage relay delay times computed from formula 4.2 
 
     (pu) 
 
 (s) for 
 =5 
   
      (s) for  =2 
 
   (s) for  =0.5 
    
    0.9    50   20         5     
    0.8    25   10         2.5     
    0.7    16.6            6.6        1.66     
    0.6    12.5             5        1.25     
    0.5    10             4          1     
    0.4    8.3   3.3         0.833     
    0.3 
    0.2 
    0.1  
 
   7.14 
   6.25 
   5.55 
    2.85 
2.5 
2.2 
 0.714 
 0.625 
 0.555 
   
 
          Table 4.2: over voltage relay delay times computed from formula 4.1 
 
     (pu) 
 
 (s) for 
 =5 
   
      (s) for  =2 
 
   (s) for  =0.5 
    
    1.1    50   20         5     
    1.2    25   10         2.5     
    1.3    16.6            6.6        1.66     
    1.4    12.5             5        1.25     
    1.5    10             4          1     
    1.6    8.3   3.3         0.833     
    1.7 
    1.8 
    1.9  
 
   7.14 
   6.25 
   5.55 
    2.85 
2.5 
2.2 
 0.714 
 0.625 
 0.555 
   
 
 
By using column 3 of above tables the studied relay is built. For load protection 
especially sensitive loads inverse time constant  =0.5 and under-over voltage 
simulated in MATLAB. Fig 4.6 shows block diagram for inverse time under-over 
voltage relay.  
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Fig4.6 block diagram of relay in MATLAB
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In Fig 4.6 the block diagram of studied under-over voltage relay is shown. For each 
phase relay has a separated set of blocks. Each phase voltage is measured and 
compared with nominal voltage. If the fault is detected, relay will send a signal to 
open the CBs. Delay times which are coming from inverse time characteristic tables 
4.1 and 4.2. For sensitive load protection the inverse time constant is chosen as 
k=0.5. Simulation result of studied relay in a medium level voltage power system for 
some disturbances is described in next chapter.  
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5. UNDER- OVER VOLTAGE PROTECTIVE RELAYING  
5.1 Introduction 
This chapter describes a response and implement of an inverse-time under-over voltage 
relaying design for voltage disturbances prevention. The most common disturbances in 
the source voltages are the voltage sags or swells and transient faults that can be due 
to (i) disturbances arising in the transmission system, (ii) adjacent feeder faults and 
(iii) fuse or breaker operation. Classical power system modeling and analysis consist of 
power flow  studies  with statistical resistance is used to show performance of under-
over voltage for these disturbances .The power system model is comprised of a network 
structure of transmission lines, generation, load, and under-over voltage relays .The  
control actions that the relay takes for a given set point of power system conditions. 
Protection relay system is intended to detect abnormal conditions and to isolate them by 
initiating the operation of circuit breakers or other devices. The most common condition 
for protection is the short circuit. There are many other conditions, however which also 
required protection. These conditions include under voltage, over voltage and phase 
faults. In this chapter the performance of relay is analyzed and simulated against these 
abnormal [25]. Figure 5.1 illustrates the studied power system that simulated in 
MATLAB.   In this scheme under-over voltage is parallel connected to circuit 
breakers and controls them to open the circuit by recognizing the disturbances. 
Although the load is a static resistance load and relay is used to protection sensitive 
loads. Load protection relay is designed before low voltage bus and it is an inverse 
time characteristic relay with k=0.5 constant that described in chapter 4. 
In this simulation generation side is a slack bus and transmission line voltage level 
25 kV and 1000VA.  Load demand is 1MW and 600 V. This simulation is like an 
industrial power system protection scheme. 
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Figure 5.1:  Simulation scheme of power system by using under-over voltage relay 
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5.2 Simulation  
5.2.1 Under-over voltage relay performance for dip (sag) voltage 
 As the motor that connected to the bus by under-over voltage torque is directly 
proportional to the square of the supply voltage, a decrease (dip) to 70% of the rated 
voltage will cause motor damage. In below this kind of dip voltage and related 
protective relaying by under-over voltage is shown in Fig5.2. Also another example 
of dips voltage in power system is simulated and change of bus voltage illustrated in 
Fig5.3 Fig5.4 and Fig5.5 as below. Generally the meaning of 70% dip voltage is 
decrease in rms voltage up to 70% of nominal voltage. 
                     
 
 Figure 5.2:  70% dip voltage simulation and bus voltage performance after relay 
As you can see under-over voltage relay will detect the dip voltage and open the 
circuit breakers after 1.66s. This time is computed for 70% dip voltage by inverse 
time function. Here some other examples those show three phase voltages of bus2 
and bus3 of Fig5.1 in the some dips voltage is illustrated. 
For up to 10% reduction relay will act in 5s that is similar with inverse time from 
table4.1. Also the simulation shows that the duration of fault is 10secounds. 
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Figure 5.3: 90% dip voltage simulation and bus voltage performance after relay 
As the decreasing voltage is smaller the time delay is bigger than previous 
simulation. 
 
Figure 5.4: 40% dip voltage simulation and bus voltage performance after relay 
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Figure 5.5: 30% dip voltage simulation and bus voltage performance after relay 
Fig5.4 and Fig 5.5 are shown up to 40% decrease and 30% decrease in rms voltage 
respectively by different durations. Also the voltage performance of bus after under-
over voltage relay is specified in second part of each figure. Simulation results for 
protective relaying and tripping time against dips voltage illustrated in table5.1as 
below. 
Table 5.1: Relay performance results for dips voltage 
Dips voltage Fault duration Relay operation time  
90% 10s 5s  
70% 10s 1.66s  
40% 5s 0.83s  
30% 20s 0.714s 
 
5.2.2 Under-over voltage relay performance for voltage swells 
The two model of swells voltage are shown as below by MATLB/Simulink for 
studied system. 
 
42 
 
 
Figure 5.6: 20% dip voltage simulation and bus voltage performance after relay 
 
Figure 5.7: 40% dip voltage simulation and bus voltage performance after relay 
In the above simulations swell voltage is happened in t=10s and continue till t=30s 
for Fig 5.6 and till t=40s for Fig 5.7. Also relay performance for each one can be 
seen below them in both of them. Relay open lines after 2.5s for 20% swell voltage 
and in second simulation relay open the 3pahses lines after 1.25s for 40% swell 
voltage. Table 5.2 shows simulation results for protective relaying against swells 
voltage as below. 
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Table 5.2: Relay performance results for swells voltage 
swells voltage Fault duration Relay operation time  
20% 20s 2.5s 
 
40% 30s 1.25s 
 
 
5.2.3 Under-over voltage relay performance for single phase to ground faults 
The Fig 5.8 shows a single phase voltage by up to 20% decreasing after happening 
fault in phase A. This simulation shows the impedance between line A and ground is 
not zero because voltage amplitude during fault is more than zero.  
 
Figure 5.8: Voltage wave form of phase-to-ground fault 
When single phase-to-ground faults occur the under-over voltage relay will actuate to 
initiate fault isolation. Fig.5.8 shows a simulation scheme of single phase-to-ground 
fault in MTLAB. This figure shows 500 ms of pre fault voltage, one second of fault 
voltage, and 500 ms of post fault voltage. 
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Figure 5.9: Load voltage wave form after single phase-to-ground fault 
Fig 5.9 illustrate that how studied relay opens phase A after 714ms delay time and 
protect the system against single phase fault. So in this figure bus voltage for phase 
A will be zero in 714ms after fault. 
5.2.4 Under –over voltage relay performance for double phase to ground faults 
At the location of a phase -to-phase-to-ground fault, the voltage on two of the three 
phases will be depressed and the current in the faulted phases and the ground path 
will be higher than the current in the third phase. When double phase-to-ground 
faults occur on grounded power system the relays will actuate to initiate fault 
isolation [24]. Fig 5.10 belongs to a double phase fault with zero impedance between 
line and ground. Also the duration of phase faults are small so in this simulation 
duration of fault is selected as 1 second.  Double phase fault may damage loads so 
the relay will open all three phase lines after its inverse time delay so in Fig 5.11 
relay opens all phases after 500ms. 
45 
 
 
Figure 5.10: 2phases fault with zero impedance in line to ground 
 
Figure 5.11: Bus voltage after relay for 2phase fault 
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Figure 5.12: Double phases fault with high impedance 
A double phase fault with 50% reduction in voltage amplitude between second 1and 
second 2 is shown in Fig 5.12 and the result of simulation for relay performance is 
illustrated in figure 5.13. Relay opens lines after 1 second delay time and Fig 5.13 
shows how bus voltage become zero in 60s. 
 
Figure 5.13: Voltage performance of bus after fault 
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5.2.5 Under –over voltage relay performance for three-phase faults 
If this fault was close to the lead of the voltage transformer, the three-phase voltage 
would have been zero for the entire duration of the fault and the voltage and current 
would be zero after circuit breakers open to isolate the fault. This kind of three faults 
is simulated and shown in Fig 5.14. Also simulation result of relay performance at 
the studied power system with zero voltage duration three phase faults is illustrated 
in Fig 5.14 second part. Duration of fault is 0.5s of per fault voltage, one second of 
fault voltage, and 0.5s of post fault voltage. 
 
Figure 5.14: Simulation of three phase fault and relay isolation 
The relay will isolate three phase fault and open the circuit breakers with very short 
delay time. From inverse time characteristic of k=0.5 delay time is 500ms.  
If phase to ground impedance is not zero three phase fault is shown in Fig 5.15 Also 
relay reaction for this fault to protect load is shown in figure 5.16 where bus voltage 
is illustrated. At the end of this chapter three phase fault with impedance more than 
zero in line to ground is shown in Fig 5.15 also relay reaction for this fault to protect 
load is shown in Fig 5.16. 
48 
 
 
Figure 5.15: Simulation of three phase fault  
 
Figure 5.16: Bus voltage performance for three phase fault  
As a summery, table 5.3 describes some phase faults and protective relaying against 
them.  
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Table 5.3: Simulation results for phase faults 
faults     fault amount Fault duration Relay operation 
time 
 
   L-G                20% 1S 625ms for phase A  
   L-G                50% 2S 1s for phase A  
   L-L-G              0% 3S 500ms  
L-L-G            50% 1S 1s for 3 phases  
   L-L-L-G          0%        1S 500ms for 3 phases  
L-L-L-G        30%   2S 714ms for 3 phases  
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6. USING DVR AND RELAY TO INCREASE POWER QUALITY 
6.1 Introduction 
Dynamic Voltage Restorer, as described in chapter 2, is regulator equipment. DVR 
compensates voltage dips and swells by injection or observation of active power to 
feeders. Currently, there are increasing demands for protection of sensitive loads and 
their security, which leads to further utility of DVRs. However, DVRs have some 
limitations in utility and they cannot support some voltage variations. Therefore, 
protective relaying is essential to protect sensitive loads. In this chapter, combination 
of DVR as a quality equipment and inverse time under-over voltage relay for 
protection of power system is used. It is tried to protect sensitive loads in high level. 
The application of DVR and relay are discussed separately in chapter 3 and 4, 
respectively. In this chapter, both of them are used and being simulated in studied 
case of power system. The combination simulate scheme is shown in figure 6.1. 
In this chapter, special situations for studied power system during compensation of 
dips and swells voltage beside some other disturbances with more than 1 minute 
duration is analyzed. If the disturbance that happens in power system be as a dip or 
swell voltage, relay in the load side of power system will not detect any reduction or 
increment in phase voltages, due to the fact that DVR compensates this kind of 
under/over voltages with duration less than 1 minute. This issue is illustrated in 
figure 6.2 for dip voltage and 6.3 for swell voltage, as bellow.  
So simulation results show that 70% dip voltage with 6s duration time is mitigated 
by DVR. In second part of the figure 6.2 which shows load bus voltage, dip voltage 
is compensated .The same result is achieved in figure 6.3 for 40% swell voltage with 
5s duration and whole increment of voltage is compensated and relay will not detect 
any variation. 
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Figure 6.1: Simulation scheme of power system with DVR and Relay 
 
53 
 
 
Figure6.2: Performance of DVR and relay in 70% dip voltage with 6s duration time 
 
Figure6.3: Performance of DVR and relay in 40% swell voltage with 5s duration 
time 
In some cases duration of dips and swells voltage may be more than 60 second.  
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6.2 Simulations of Combined System for Some Disturbances    
6.2.1 Dip and swell voltage 
In some cases duration of dips and swell voltage may be more than 60 second. For 
example the phase faults happen with dip and swell voltage together that cause to 
increase duration time of disturbance being more than 1 minute.  
 
Figure6.4: Performance of DVR and relay together against 70% dip voltage with 65s 
duration time 
Fig 6.4 exhibits 70% dip voltage from second 5 to 70 that is more than 1 minute so 
DVR can not compensate after 1 minute and the relay will detect disturbance and 
will open the CB s of all three phases after about 1.66s delay time. This time is 
shown clearly by zoom in figure 6.5.  
Swell voltage disturbance which has duration more than 1 minute and bus3 voltage is 
illustrated in figures 6.6 and 6.7 as below. Fig 6.7 is the same experience from 
second 64 to second 72. 
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Figure6.5: Performance of studied system for second 64 up to second 71 of 70% dip 
voltage with 65s duration time 
 
Figure6.6: Performance of DVR and relay in 30% swell voltage with 65s duration 
time 
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As the 30% raising in voltage amount continue more than 60s relay after detecting 
disturbance in second 65 sends signal 1 to CBs and open them in about 700ms. Fig 
6.7 shows this performance.  
 
Figure6.7: Performance of DVR and relay in 30% Swell voltage from second 64 up 
to second 72 
6.2.2 Interruption   
For all kinds of interruptions amplitude of voltage is less than 0.1 pu so the DVR 
will not compensate and relay will detect fault in load protection side. 
 The simulation of long term interruption is shown in Fig 6.8 the voltage of bus3 
after relay is shown in second part of Fig 6.8 too. Protective relaying opens lines 
after 500ms so power system does not suffer from long term interruptions. 
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Figure 6.8: Interruption with 2minutes duration  
6.2.3 Undervoltage   
Undervoltage may cause voltage instability, high reactive power demand, etc. firs 
part of Fig 6.9 shows a sample of undervoltage voltage and second part reaction of 
studied system. 
 
Figure 6.9: Under voltage disturbance with 70s duration and bus voltage after fault 
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In figure 6.9 under voltage have about 0.82 amplitude and 70s duration is shown. 
Bus voltage also is shown in second part. DVR in the system compensate under 
voltage up to 60s after fault.in second 70 voltage decrease to 0.82 pu and relay detect 
fault. CBs are opened in about second 73 and bus voltage become zero [26]. 
6.2.4 Overvoltage  
Overvoltage may cause over stress on insulation, problems of voltage instability, 
demand for reactive power, etc. One sample of overvoltage disturbance is simulated 
in Fig 6.10. 
 
Figure 6.10: Over voltage disturbance with duration more than 1minute  
Overvoltage like swell voltage is compensated up to second 60s after start. Relay 
detects voltage in second 70 and phase lines are zero in second about 73. This 
behavior is illustrated in Fig 6.10. 
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7. CONCLUSIONS 
In this study, DVR has been presented as a custom power device to increase the 
power quality. At the simulation stage, the trend of compensation of dips and swells 
voltage is scrutinized by DVR. Relays were studied to protect loads from voltage 
variations. Afterwards, the behavior of under-over voltage relay in dips, swells, and 
other voltage disturbances were simulated. In order to increase the power system 
quality and guarantee the protection of sensitive loads from all kinds of voltage 
variations, the combined circuit of DVR and relay is used. The simulation results 
confirmed this, too. Below, the results of the study have been presented. 
 DVR obviates the dips and swells voltage with range of 0.1- 0.9 pu for dips, 
and 1.1- 1.8 pu for swells whose durations are less than one minute. 
Consequently, the quality of the system is increased.  
 Inverse time under-over voltage relay which is a protective device was 
studied by simulation for voltage faults and disturbances. It was clear that 
relay opens the circuit breakers in a proper time period and protects the 
sensitive loads.  
 In order to make sure about having a stable and high-quality of voltage for 
sensitive loads without any interruption and variation, combined usage of 
DVR and relay was studied. It was seen that relay would avoid the faults that 
DVR is unable to compensate completely. Therefore, the protection of the 
system may be increased, which is proved by simulation results. 
 Transient faults can be eliminated by DVR. However for long term duration 
of voltage disturbances, voltage relay and current relay must be used to 
protect loads is proposed. 
In future attempts, dynamic loads may be used instead of static loads which have 
been used in this study and protection/quality issues for studied power system with 
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dynamic loads should be studied. Besides, the utility of integrated dynamic voltage 
restorer (IDVR) which is a series of DVRs may be used instead of DVRs.  
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